Abstract Red deer have been subjected to anthropogenic interference for many centuries. Most populations are managed according to hunting schedules, some have been kept long-term in enclosures and other populations have been restocked with foreign deer. The red deer in the Brittany region of north-western France only occupy the largest forests in the region, reaching quite high densities in restricted areas. Here, we aimed to assess the extent of the genetic variability of the populations in four forest fragments and investigate their population genetic structure. We show that, despite relatively large expected heterozygosity values, these geographically isolated populations are genetically impoverished relative to individuals from large continuous forests in other parts of Western Europe. We provide evidence for population genetic structure with large genetic differentiation between geographically close populations, suggesting the absence of effective exchange between the forests. Using samples from the most likely source population, we show that at least two populations were non-indigenous. In order to limit further loss of genetic diversity, it should be a management objective to reduce isolation of the different forests, rather than further increase it by fences and hunting practices that could limit free movement of red deer.
Introduction
Red deer (Cervus elaphus) have been subjected to anthropogenic interference for many centuries. Most populations are managed according to hunting schedules, some are kept long-term in enclosures and other extinct, or nearly extinct, populations have been restocked with foreign deer (Hartl et al. 2003; Haanes et al. 2010) . While some of these more direct interventions may appear desirable, human interference can have unintended evolutionary and epidemiological consequences (Fernandez-deMera et al. 2009; Gortázar et al. 2007; Randi 2005) .
Another potentially serious human-induced problem is the reduction in the interconnectivity of different European red deer populations as a result of habitat fragmentation (Frantz et al. 2006; Hartl et al. 2005; Kuehn et al. 2003) . In regions where the species' distribution is discontinuous, red deer are often maintained at high densities in isolated forest fragments, leading to concerns about the loss of genetic variability due to isolation (Kuehn et al. 2003; Martínez et al. 2002) . For instance, Fernandez-de-Mera et al. (2009) found evidence for a reduction of allelic diversity at the major histocompatibility complex in a fenced, hunter-managed red deer population. Similarly, Zachos et al. (2007) reported a small, isolated red deer population to have reduced genetic variability and show strong signs of inbreeding depression.
In France, where the red deer has been subjected to intense restocking, it has been estimated that around a third of all populations have been artificially established between the 1950s and 1970s, with the Domaine National de Chambord enclosure-subsequently referred to as Chambord-serving as source population in the majority of the cases (Klein 1990 ). Generally, no detailed records of these translocations were kept and the established populations were not monitored (Klein 1990) . A small number of individuals were often introduced into isolated forest fragments, and, while not all introductions were successful, some of these newly established populations have reached quite high densities in restricted areas.
The red deer in the Brittany region of north-western France only occupy the largest forests in the region. Migration between the isolated populations is limited by the management practice of systematically harvesting deer in adjoining smaller forest and, recently, by the fencing-in of the main populations. Furthermore, while the majority of the populations in the north of France are believed to be indigenous (Leduc and Klein 2004) , the exact status of the deer in Brittany is uncertain, since at least one population was introduced during the 1950s. Despite high densities, the populations in Brittany may thus suffer reduction or even loss of genetic diversity from the combined effects of random drift and inbreeding, resulting from geographic isolation and founder effects.
Given the fundamental role that genetic variation can play in affecting the survival and dynamics of wildlife populations (Mills 2007) , we aimed to assess the extent of the genetic variability of the four largest and most important red deer populations in Brittany and investigate their population genetic structure. Specifically, we asked whether the deer in the forest fragments were genetically impoverished relative to individuals from large continuous forests in other parts of Western Europe. We also looked for evidence of genetic isolation resulting from habitat fragmentation and the management practices designed to limit spread of the deer to smaller forest fragments. Using samples from Chambord as a reference, we also assessed the indigenous status of the Brittany populations analysed in this study. Finally, as a corollary of the conservation genetic work, we wanted to assess whether the genetic structure of the Brittany populations allowed detection of illegal activities, such as falsifying information about the geographic origin of hunted specimens in order to fulfil hunting quota.
Materials and methods

Study areas
Red deer samples were collected from the three largest populations in the Brittany region in north-western France, and from one population in an adjoining region. The Brocéliande (15000 ha, deer sampled N = 64), Lanouée (4000 ha, N = 50) and Hardouinais (2500 ha, N = 45) forests are located in Brittany within 30 km of each other, and are isolated in the sense that they are not connected to each other via a forest network (Fig. 1 ). There are no major motorways, or any other anthropogenic features, that may limit movement between populations. However, hunters systematically harvest deer observed in smaller forest near the main populations in order to avoid the deer spreading in the region. Furthermore, the privately owned Lanouée forest has recently been fenced-in and the Brocéliande forest, partially fenced-in now, is expected to be so in the near future. The fourth population, Gâvre (4500 ha, N = 41), even though it is not fenced in, is located at least 60 km from the other three populations and, therefore, is the most geographically isolated of the four study populations. According to forest wardens, at least a couple of hundred red deer inhabit each of these forests. For ease of reference, we will refer to all four populations as originating from Brittany.
According to local forest wardens, six male and female red deer from Chambord (see below for more explanations on the source population) were released in the Brocéliande forest on three different occasions between 1955 and 1957, as, according to unconfirmed reports, the native population went extinct before the 1950s. Furthermore, a juvenile and a female of unknown origin were allegedly introduced in 1975. Nothing more is known as no detailed records of these translocations were kept and the population was not monitored systematically. The native population in the Lanouée forest never went extinct. However, according to unconfirmed reports, German deer were introduced into this forest during the Second World War. The deer in the Hardouinais forest are believed to be indigenous and there are no reports of translocations for this forest. The Gâvre forest might contain a mixture of native and introduced individuals, as forest wardens believe that the population was restocked during the 1970s from an unknown source population.
Additionally, six deer samples from a suspected fraud case in the Brocéliande forest were also analysed. Hunters were suspected of using deer harvested outside this forest as proof that they fulfilled their required yearly hunting quota. These six individuals will be subsequently referred to as 'suspect individuals'. We also collected 46 samples from Chambord; the population that was most frequently used for restocking or introductions of populations (Klein 1990 ). The Domaine National de Chambord, located in central France near Orléans, is an enclosure of 5440 ha that is surrounded by a 32-km-long stone wall that is more than two meters high. The Chambord population was occasionally enriched by 'presidential gifts', that is to say male and female deer, originating from Poland, the UK and other countries, but we do not have a precise history of these restockings. We also collected samples from three separate large deer populations from large continuous woodlands, or from smaller forests connected via forest networks: Wallonia (in Belgium; N = 60), the Saarland (in Germany; N = 38) and the Meurthe & Moselle (in France; N = 49) region-subsequently referred to as Meurthe-in eastern France (Fig 1b) . These larger populations were sampled to have a contiguous forest comparison to smaller fragmented populations in Brittany.
Laboratory work DNA from tissue samples (ear or muscle) was extracted using a chloroform-based extraction method (Doyle and Doyle 1990) . Genotyping was performed using 14 microsatellite loci (see Kuehn et al. 2003) in three multiplex polymerase chain reactions (PCR), using the Qiagen Multiplex Kit (Qiagen, Hilden, Germany). Multiplex 1 contained loci Cer14, CSSM16, Haut14 and MM12, multiplex 2 contained loci CSPS115, CSSM19, CSSM22, ETH222, ETH3 and INRA35 and multiplex 3 contained loci BM1818, CSSM14, CSSM66 and ILSTS06. Each multiplex reaction contained 19 Qiagen Multiplex Master Mix, between 0.07 and 0.16 lM of each primer and 0.59 Q-solution. The PCR reaction started with a 10-min denaturation at 94°C, followed by denaturation at 94°C for 30 s, annealing for 90 s at either 56°C for multiplex 1 or 53°C for the other two multiplexes, and extension at 72°C for 60 s. A total of 37 cycles were performed for multiplex 1, and 42 cycles for the other two multiplexes. Final incubation was at 70°C for 30 min. Reactions were performed using a Verity thermocycler (Applied Biosystems, Warrington, UK). PCR products were separated using an ABI 3100 automated DNA sequencer (Applied Biosystems, Warrington, UK) and the data were analysed using GENEMAPPER version 3.7 (Applied Biosystems). The samples from the Saarland were genotyped at an earlier date without locus ETH3 (Frantz et al. 2006) .
Data analysis
We first tested whether all eight pre-defined populations should be considered distinct genetic units. We implemented the Bayesian clustering and assignment method implemented in the program STRUCTURE v.2.3.1 (Pritchard et al. 2000) on the whole data set to determine the level of genetic substructure independently of sampling area. To estimate the number of subpopulations (K), ten independent runs of K = 1-12 were carried out with 10 6
Markov chain Monte Carlo (MCMC) iterations after a burn-in period on 10 5 iterations, using the model with correlated allele frequencies and assuming admixture. ALPHA, the Dirichlet parameter for the degree of admixture, was allowed to vary between runs. After deciding on the most probable number of sub-populations based on the log-likelihood values associated with each K, we calculated each individual's percentage of membership (q) for each of the K populations, averaging q over ten runs. Individuals were considered to be assigned with confidence if q [ 0.7 for a certain population.
Excluding six deer suspected of having been illegally harvested outside our study area (see below), we then calculated the number of alleles (A), as well as observed (H o ) and expected (H e ) heterozygosities for each locus and for each study area following Nei (1978) in GENETIX 4.05.2 (Belkhir 2004 ). FSTAT v.2.9.3 (Goudet 1995) was used to calculate allelic richness (A R ) per locus and population. Locus ETH3 was excluded as it had not been genotyped in the Saarland population and the calculation was based on a minimal sample size of 34 diploid individuals. We tested for the significance of heterozygote deficiency or excess with the Markov-chain method in GENEPOP 3.4 (Raymond and Rousset 1995) , with 10,000 dememorisation steps, 500 batches and 10,000 subsequent iterations. Populations were tested for linkage disequilibria among loci using an exact test based on a Markov-chain method as implemented in GENEPOP 3.4. The False Discovery Rate (FDR) technique was used to eliminate false assignment of significance by chance (Verhoeven et al. 2005) . F IS -values (Weir and Cockerham 1984) were calculated for each population using SPAGeDi 1.2 (Hardy and Vekemans 2002) and significance was tested with 10,000 permutations of individual genotypes within populations.
FSTAT v.2.9.3 was used to test for differences in allelic richness, H o and F IS between the small isolated forests in Brittany on the one hand and the three large populations on the other. After first calculating the average for the chosen statistics (over samples and loci) for each of these two groups, individuals are permutated between groups, keeping the number of samples in each group constant, in order to assess whether the averages differed significantly between the groups. Locus ETH3 was also excluded from this analysis.
The degree of genetic divergence between the sampling areas was quantified using F ST (Weir and Cockerham 1984) in SPAGeDi and significant difference from zero was tested with 10,000 permutations of individual genotypes between populations. POPULATIONS 1.2.30 (Langella 2007 ) was used to calculate Nei's standard genetic distance, D s , between the sampling areas and, together with the program TREEVIEW 1.5 (Page 1996) , to construct an unrooted neighbour-joining tree from the D S distance matrix. Bootstrap support was obtained by 10,000 bootstraps on locus.
The relationship between genetic and geographical distances was examined to assess isolation by distance (IBD; Rousset 1997) . We calculated the regression of F ST /(1-F ST ) estimates for pairs of populations on the logarithm of the geographic distance between them using SPAGeDi 1.2. Geographic distances between pairs of areas were calculated from linear distances between latitude and longitude positions of each study area. The slope was tested for a significant difference from zero by 10,000 permutations of locations of individuals, a procedure equivalent to a Mantel test (Hardy and Vekemans 2002) .
We not only used the results from program STRUC-TURE (see above) to determine the number of genetic clusters in our data set, but also to assign individuals to their most likely population of origin and thereby make inferences about movements of individuals between populations. However, given underlying methodological differences between different assignment methods, a variety of software should be used to assign individuals to their native population (Frantz et al. 2009; Guillot et al. 2010; Pearse and Crandall 2004) . Genetic assignment methods assume that the native population of every individual in the dataset has been sampled and may therefore wrongly assign immigrants or translocated individuals to the local population that is most similar to the true population of origin. We therefore also used exclusion test to estimate the probability of the multi-locus genotype of each individual to be encountered in a given population. Individuals that can be excluded with high certainty from every reference population have to be considered immigrants, even if they were assigned with confidence to a population in the dataset (Manel et al. 2002) . We will subsequently distinguish between these two complementary approaches by using the terms 'assignment' and 'exclusion', respectively.
Using a leave-one-out approach, we calculated exclusion probabilities for each individual in each study area with the Monte Carlo method of Paetkau et al. (2004) in the program GENECLASS 2.0.g (Piry et al. 2004 ). We performed exclusions based on 10 4 simulated multi-locus genotypes and set the threshold for exclusion of individuals to 0.01 . GENECLASS 2.0.g was also used to perform assignments with the partial Bayesian approach of Rannala and Mountain (1997) . We considered individuals with an assignment score [0.7 to be assigned with confidence.
We also used the SCAT method (Wasser et al. 2004 (Wasser et al. , 2007 to perform geographically explicit assignments of individual deer from north-western France only. SCAT is based on the idea that random genetic drift under isolationby-distances produces smooth spatial variations in allele frequencies. The software implements a Bayesian statistical method that, given genotypes collected at distinct sampling locations, jointly estimates maps of allele frequencies and the unknown geographic origin of a DNA sample by comparing its alleles with estimated allele frequencies. While we used SCAT to assign individuals to predefined populations (smoothing assignment), the method can, in principle, assign individuals to any spatial location whose inferred allele frequencies best explains the genotype of the sample (continuous assignment).
We performed the smoothing assignment in SCAT using a leave-one-out approach. To check for convergence, we repeated the assignments five times for each individual; running the program four times with 10 4 iterations of the MCMC scheme and once with 10 5 iterations. In all five instances 1000 steps were taken through the Markov chain for each iteration and we discarded the first 100 iterations as burn-in. A different value of the random seed was chosen for each run. All five independent runs assigned each individual to the same population. Using the results from the longer run only, we calculated assignment scores similarly to program GENECLASS by dividing the probability of an individual's genotype originating from a certain population by the sum of all probability values of that individual (Piry et al. 2004 ). We considered individuals with an assignment score[0.7 to be assigned with confidence.
Results
Analysing the genetic structure of the complete data set using the program STRUCTURE, the highest loglikelihood values were obtained for K = 8 (Fig. 1S in  supplementary material) . The predefined populations corresponded fairly well to the genetic clusters, lending support to the hypothesis that all eight pre-defined populations should be considered distinct genetic units (Fig. 2) . The bar plot was generated using program DISTRUCT 1.1 (Rosenberg 2004) .
All 14 microsatellite loci were polymorphic with between 2 and 12 alleles per locus and an average of 5.2-7.7 alleles per population (Brittany: 5.2-5.9; Table 1;  Table S1 ). The mean expected heterozygosities in the eight pre-defined populations ranged from 0.56 to 0.70 (Brittany: 0.56-0.59) and the corresponding mean observed heterozygosities from 0.55 to 0.69 (Brittany: 0.55-0.58; Table 1 ). Only two loci showed a significant deficit of heterozygotes in two populations (Brocéliande and Meurthe), as compared to Hardy-Weinberg expectations at the a = 0.05 level after FDR correction (supplementary material, Table S1 ). The two populations had a significant positive inbreeding coefficient. We did not find any evidence for linkage disequilibrium between loci at the a = 0.05 level after FDR correction in any population.
We found statistically significant and relatively important reductions in allelic richness and observed heterozygosities in the four forest fragments in Brittany relative to populations in continuous forests (Wallonia, Saarland and Meurthe; Table 2 ). Inbreeding coefficients did not differ significantly between the smaller and the larger populations ( Table 2 ). The population in the Chambord enclosure had larger values for A R , H e and H o than the four Brittany populations (Table 1) .
There was significant genetic differentiation between all 8 populations (F ST = 0.105; P \ 0.001) and pairwise F ST ranged from 0.039 to 0.163 (all pairwise F ST values: P \ 0.0001; Table S2 ). The two lowest F ST values were obtained for Chambord/Gâvre and Chambord/Brocéliande (Table S2 ). An unrooted neighbour-joining tree constructed based on D S (Fig. 3) revealed that Wallonia, Saarland and Meurthe populations were relatively distinct from each other and from the Brittany and Chambord populations. Chambord clustered with the populations from Brittany, particularly with Brocéliande and Gâvre, despite a relatively large geographic distance between them (Fig. 3) .
When regressing geographic and genetic distances between pairs of populations, a significant linear regression pattern of isolation-by-distance was detected (slope b = 0.0258; P = 0.015). When Chambord was excluded from the analysis, the fit of the regression (slope b = 0.0273; P = 0.001) increased from R 2 = 0.373 to R 2 = 0.590 (Fig. 4) . This was mostly due to the fact that the genetic differentiation between Chambord and the populations in Brittany was relatively low, despite the large geographic distance between them (Fig. 4) . Also, around 25% of the individuals from Chambord showed signs of admixture with individuals from the Brittany populations (Fig. 2) . According to the exclusion probabilities computed in GENECLASS six individuals sampled in the four Brittany populations could be excluded from all populations in the dataset (Table 3a) . Three of these individuals had been sampled in the Gâvre forest, including one individual that could be excluded at the a = 0.001 level, two in Hardouinais and one in Brocéliande. Similarly, GENECLASS excluded two individuals each from the Meurthe and the Saarland populations; one of each even at the a = 0.001 level (results not shown). No individual could be excluded from the Wallonia population (results not shown).
Ignoring the six excluded samples mentioned above, a total of eight individuals from the Brocéliande and Lanouée forests were assigned with confidence by all three assignment methods to a different population to the one where they were sampled (Table 3b ). Three individuals sampled in the Brocéliande, Lanouée and Hardouinais populations were assigned with confidence to another population, by at least one assignment program (Table 3c) . Five samples were assigned with low confidence by various programs to different populations to the ones where they were sampled (Table 3d ). In addition to the excluded individual, one deer (Gâvre191) from the Gâvre forest was potentially non-local. It was assigned to Brocéliande by all three methods, but only SCAT assigned it with confidence to this population (Table 3c ). This forest was furthest away from the other forests in Brittany ([60 km; Table S2 ). Only two individuals from the Saarland could not be assigned with confidence to any population by STRUC-TURE (Fig. 2) , one of which was assigned with confidence to the Wallonia population by GENECLASS.
Finally, our results suggested that at least five of the six individuals suspected of having been harvested elsewhere but brought into the Brodéliande forest to fulfil hunting quota did not originate from the Brocéliande population: all three programs assigned four individuals with confidence to the Lanouée forest, and a fifth one to Hardouinais (Table 3) . However, only three of the suspects could be excluded from Brocéliande at the a = 0.01 level.
Discussion
We found evidence for a significant reduction in genetic diversity of the populations from the four forest fragments in Brittany. Both allelic richness and observed heterozygosity were lower in these populations compared to the larger populations from Wallonia, the Saarland and the Meurthe & Moselle regions. It is likely that this reduction in genetic diversity is the direct result of a combination of geographic isolation and small population sizes in the recent past. Even the population in the Chambord enclosure had higher values for the different diversity statistics than the four isolated populations. All the analysed populations were approximately on the same latitude, excluding the possibility that the reduced variation in Brittany was indicative of a decline in variability with increasing latitude due to post-glacial expansion. This latitudinal decline, which has been reported for other species (e.g. Beebee and Rowe 2000) , has not been observed in the red deer anyway (Hmwe et al. 2006a) .
The average heterozygosity values of the Brittany populations (between 0.56 and 0.59) can be considered intermediate, with endangered and non-endangered populations often having lower and higher values, respectively (Frankham et al. 2002) . However, only the Danish red deer population investigated in the study by Nielsen et al. (2008) had average heterozygosity values that were systematically lower. However, results are not strictly comparable as the two studies mostly employed different microsatellite markers. Both studies included loci ETH3 and MM12. While ETH3 seems to be generally not very variable (Table S1 ; Kuehn et al. 2003) , H e values for MM12 were also systematically lower in the Danish populations. Using different loci, Zachos et al. (2007) found comparable observed heterozygosity values in a highly inbred red deer population in northern Germany. Using mostly the same microsatellite loci, Kuehn et al. (2003) obtained similarly low H e values only for two isolated populations. Other studies generally report higher population averages for H e values, both using the same and different microsatellite loci (Frantz et al. 2006 (Frantz et al. , 2008 Hmwe et al. 2006b; Kuehn et al. 2004; Martínez et al. 2002; Pérez-Espona et al. 2008; Zachos et al. 2007 ). These comparisons lend strength to the conclusion that the isolated red deer populations in Brittany have a low genetic variability relative to other study populations.
Significantly positive F IS values are indicative of a deficit of heterozygotes in a population, compared to Hardy-Weinberg expectations, and are often taken as indication of inbreeding, i.e. offspring are less heterozygous than expected. We did find such a positive F IS for Brocéliande, but also for the large and inter-connected Meurthe population and only one locus in each of these population deviated from Hardy-Weinberg expectation. Furthermore, there was no significant difference in F IS values between the isolated forest fragments and the contiguous populations, indicating that there was no systematic lack of heterozygotes in the four Brittany populations.
Our results also show that there is very little effective dispersal between the red deer populations in the forest fragments in Brittany. As already mentioned, the four forest fragments form clearly distinct genetic populations, despite a relatively small distance between them. Taking the geographic distance between populations into account, the F ST values observed in our study are quite similar to the values reported in Kuehn et al. (2003) using the same microsatellite loci. Nevertheless, Brocéliande and Lanouée (F ST = 0.077), as well as Brocéliande and Hardouinais (F ST = 0.084), appear to be particularly strongly differentiated given the geographic distance (\30 km) between them. Generally speaking, the F ST values obtained for the populations in Brittany appear high, especially as red deer are considered to be highly mobile animals, capable of dispersing great distances and crossing many kinds of terrain. There are examples in the literature of deer populations that form genetic units over larger areas, for instance the populations in the Engadin Valley in eastern Switzerland (Kuehn et al. 2004) . Indeed, compared to the genetic differentiation of populations in the Scottish highlands (average F ST value: 0.019, calculated using different microsatellite loci; Pérez-Espona et al. 2008) , the differentiation between the populations in Brittany was very large indeed, suggesting that there is probably very little exchange between the populations in the present study, as well as in Kuehn et al. (2003) . Despite the relatively large levels of genetic differentiation, some deer (particularly from Brocéliande and Lanouée) were assigned to a populations other than the one in which they were sampled. This could be taken as evidence of dispersal between the populations, but not necessarily as evidence of effective dispersal, i.e. dispersal and reproduction. Other possibilities include illegal activities by hunters similar to those described above and, possibly, sample mix-up. Given the strong level of differentiation between the Brittany populations, however, we suggest that it is more conservative to assume that there is very little effective exchange between them. The Gâvre population appears to be completely isolated from the three other populations even if one individual sampled in Gâvre was assigned to Brocéliande and one individual sample in Brocéliande was assigned to Gâvre (with low confidence for two tests out of three).
Altogether eight individuals were excluded from their sampled population of origin. They could either originate from one of the few Brittany populations that had not been sampled, or this result was obtained because of the restocking of the populations with foreign deer (see below). One individual from the Gâvre forest could even be excluded at the a = 0.001 level, which is considered to be the exclusion-level ordinarily required in wildlife forensics to confirm that an animal has been translocated (Manel et al. 2002) . However, both the Saarland and Meurthe populations contained one individual each that could be excluded at the 0.01, and another one each at the 0.001 level. Meurthe and Saarland are, to the best of our knowledge, large natural populations. The Saarland data analysed here are a sub-set of the data analysed in Frantz et al. 2006 . In this larger study, these authors did not find any indication that both samples could be excluded from the Saarland population. Our results therefore suggest that the size of the reference population can have an impact on exclusion probabilities. We cannot draw strong conclusions about the non-indigenous state of the deer excluded from the Brittany populations.
There are discrepancies in the results of the assignment tests for a few individuals that appear difficult to characterise, confirming that, given underlying methodological differences between different assignment tests, a variety of software should be used to assess the strength of the signal in the data (Frantz et al. 2009; Guillot et al. 2010; Pearse and Crandall 2004) . Of the three assignation methods, SCAT is the most recent one and proposes a very different approach based on smooth spatial variations in allele frequencies. Despite the difference, results obtained with SCAT are congruent with those obtained with the two other, more classical methods. The method implemented in the SCAT software thus appears to be a valid assignment approach, and may be used to perform continuous assignment, i.e. the assignment of individuals to any spatial location whose inferred allele frequencies best explains the genotype of the sample.
The F ST values as well as the neighbour-joining tree confirm that Chambord, Gâvre and Brocéliande were the least differentiated populations, despite a relatively large geographic distance between Chambord and the other two populations. While it was known that the Brocéliande population had been restocked with individuals from Chambord, our results appear to confirm that the Gâvre forest was also restocked, probably in the 1970s, with individuals from the Chambord population. The differentiation between the Chambord population and the ones from the Lanouée and Hardouinais forests is also relatively weak, given the geographic distance between them (Fig. 4) . Indeed, the fit of the IBD regression line improves substantially when removing Chambord from the analysis. The gene pool in the Lanouée and Hardouinais populations might therefore not be completely indigenous (German deer were reportedly introduced into Lanouée forest during the Second World War).
A subsidiary aim of this work was to assess the utility of the assignment signal for forensic use. Taken at face value, the strong assignment suggests that the suspect individuals did not originate from Brocéliande. However, none of these suspect individuals could be excluded at the 0.001 level from Brocéliande. A total of 12.5% of the non-suspect Brocéliande individuals were assigned with confidence to other populations. While we would thus expect no more than one of the six suspects to be mis-assigned by chance alone, it is difficult to prove with confidence that specific individuals were shot outside the Brocéliande forest. Generally speaking, the low exclusion values observed in some natural populations, together with the fact that some individuals in the natural populations were assigned to a population other than the one where they were sampled mean that it would be very difficult to conclusively prove illegal translocation in the Brittany populations.
In this study, we showed that the Brittany populations are genetically structured, with a reduced level of genetic variability at 14 microsatellite loci. While it is unclear to what extent this low diversity of microsatellite loci is indicative of reduced genome-wide variability, it should be a management objective to reduce isolation of the different forests, rather than further increase it by fences and hunting practices, as is currently the case.
